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ABSTRACT
We present ALMA observations of the [CII] line and far-infrared (FIR) continuum of a normally
star-forming galaxy in the reionization epoch, the z = 6.96 Lyα emitter (LAE) IOK-1. Probing
to sensitivities of σline = 240 µJy beam
−1 (40 km s−1 channel) and σcont = 21 µJy beam
−1, we
found the galaxy undetected in both [CII] and continuum. Comparison of UV–FIR spectral energy
distribution (SED) of IOK-1, including our ALMA limit, with those of several types of local galaxies
(including the effects of the cosmic microwave background, CMB, on the FIR continuum) suggests
that IOK-1 is similar to local dwarf/irregular galaxies in SED shape rather than highly dusty/obscured
galaxies. Moreover, our 3σ FIR continuum limit, corrected for CMB effects, implies intrinsic dust mass
Mdust < 6.4 × 10
7M⊙, FIR luminosity LFIR < 3.7 × 10
10L⊙ (42.5–122.5 µm), total IR luminosity
LIR < 5.7× 10
10L⊙ (8–1000 µm) and dust-obscured star formation rate (SFR) < 10 M⊙ yr
−1, if we
assume that IOK-1 has a dust temperature and emissivity index typical of local dwarf galaxies. This
SFR is 2.4 times lower than one estimated from the UV continuum, suggesting that < 29% of the
star formation is obscured by dust. Meanwhile, our 3σ [CII] flux limit translates into [CII] luminosity,
L[CII] < 3.4 × 10
7L⊙. Locations of IOK-1 and previously observed LAEs on the L[CII] vs. SFR and
L[CII]/LFIR vs. LFIR diagrams imply that LAEs in the reionization epoch have significantly lower gas
and dust enrichment than AGN-powered systems and starbursts at similar/lower redshifts, as well as
local star-forming galaxies.
Subject headings: cosmology: observations—early universe—galaxies: evolution—galaxies: formation
1. INTRODUCTION
Probing visible and dust-obscured star formation
and physical properties of galaxies from the local to
the early Universe, including the epoch of cosmic
———————————————————
* Based in part on data collected at Subaru Telescope, which
is operated by the National Astronomical Observatory of Japan,
observations made with the NASA/ESA Hubble Space Telescope,
obtained from the Data Archive at the Space Telescope Science
Institute, which is operated by the Association of Universities
for Research in Astronomy, Inc. under NASA contract NAS 5-
26555 and observations made with the Spitzer Space Telescope,
which is operated by the Jet Propulsion Laboratory, California
Institute of Technology under a contract with NASA. Herschel
is an ESA space observatory with science instruments provided
by European-led Principal Investigator consortia and with im-
portant participation from NASA.
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reionization at redshift z > 6, is key to understanding
the formation and evolution of galaxies, roles of galaxies
in reionization and their relation among diverse galaxy
populations. To date, objects such as quasars, active
galactic nuclei (AGNs), their host galaxies, submm-
detected starburst galaxies (SMGs), normal star-
forming galaxies and (ultra)luminous infrared galaxies
((U)LIRGs) have been detected at rest frame far-
infrared (FIR) wavelengths in the local to high redshift
Universe (e.g., Dunne et al. 2000; Malhotra et al. 2001;
Boselli et al. 2002; Iono et al. 2006; Maiolino et al. 2009;
Ivison et al. 2010; Stacey et al. 2010; Wagg et al. 2010;
Cox et al. 2011; De Breuck et al. 2011; De Looze et al.
2011; Skibba et al. 2011; Venemans et al. 2012;
Wang et al. 2013; Willott et al. 2013; Walter et al.
2012a; Carilli et al. 2013; Riechers et al. 2013). The
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CO rotational transition lines have been often used
as a tracer of molecular gas to probe both visible and
obscured SFRs, properties of molecular gas clouds
and dynamics of galaxies. However, at z > 6, de-
tections of the CO line have been limited to only
the quasars/AGNs, their hosts and an SMG (e.g.,
Walter et al. 2003; Wang et al. 2010; Riechers et al.
2013), because highly excited CO lines only seen in
these objects are bright, while the CO lines in z > 6
normally star-forming galaxies are likely not as highly
excited and thus too faint to detect (e.g., Wagg et al.
2009, 2012a). Although SFRs of z > 6 normally
star-forming galaxies such as Lyα emitters (LAEs) and
Lyman break galaxies (and related properties such as
Lyα/UV luminosity function/density) are also an impor-
tant probe of reionization, their dust-obscured SFRs and
other relevant physical properties have been still poorly
constrained (e.g., Hu et al. 2010; Ota et al. 2010a;
Ouchi et al. 2010; Kashikawa et al. 2011; Bouwens et al.
2012; Shibuya et al. 2012; Finkelstein et al. 2012, 2013;
Dunlop 2013; Robertson et al. 2013; Momose et al.
2014; Konno et al. 2014).
Alternatively, the ionized carbon 157.74 µm [CII]
line (rest frame frequency 1900.54 GHz) has been ob-
served to be the strongest cooling line of interstel-
lar medium (ISM) in many galaxies (e.g., a few hun-
dred to a few thousand times stronger than CO(1–
0), CO(2–1), CO(3–2) and CO(4–3) lines in z ∼ 1–
2 star-formation/AGN-dominated galaxies, Stacey et al.
2010), and its luminosity is as high as ∼ 0.01–1% of
total FIR luminosity (e.g., Maiolino et al. 2005, 2009;
Iono et al. 2006; Ivison et al. 2010; Stacey et al. 2010;
Wagg et al. 2010; De Breuck et al. 2011). When red-
shifted to z > 6, the [CII] line is observable in mil-
limeter wavelengths from the ground. Even so, to date,
only a handful number of quasar/AGN host galaxies and
an SMG have been detected in [CII] at z > 6 (e.g.,
Maiolino et al. 2005; Venemans et al. 2012; Wang et al.
2013; Willott et al. 2013; Riechers et al. 2013), and there
is no detection in normally star-forming galaxies in
the reionization epoch (Boone et al. 2007; Walter et al.
2012b; Gonza´lez-Lo´pez et al. 2014) even though it is
thought to be the strongest line in FIR regime in these
galaxies. However, the advent of the Atacama Large Mil-
limeter/submillimeter Array (ALMA) has the potential
to change this situation as it has an order of magnitude
higher sensivity than any other current millimeter inter-
ferometers. Even in its early science operation, it has
been argued that ALMA could potentially detect the
[CII] lines of normally star-forming galaxies in the reion-
ization epoch at z > 6 in only a few hours and resolve
them on a few kpc scales. Motivated by this, we con-
ducted a [CII] line and FIR continuum observation of
such a galaxy with ALMA.
Among many z > 6 star-forming galaxies found to
date, we chose to observe a z = 6.96 LAE that we had
discovered, IOK-1 (Iye et al. 2006; Ota et al. 2008), be-
cause it is one of the handful of spectroscopically con-
firmed highest-class redshift (z & 7) objects, and we
have a wealth of ancillary data availaible for this galaxy
that were analyzed in the context of the ALMA observa-
tion. For example, we have conducted IOK-1’s photom-
etry and spectroscopy at optical to mid-infrared wave-
lengths and derived physical properties such as Lyα and
Figure 1. The rest frame 158 µm FIR continuum image of IOK-1
at a resolution of 1.′′1×0.′′75. Coordinates are in the J2000.0 system
and contours are in steps of 1σ = 18 µJy beam−1, starting at ±1σ.
Positive and negative contours are presented with solid and dashed
lines, respectively. The synthesized beam is shown in the bottom
left. The position of IOK-1 measured in the optical narrowband
NB973 (Lyα line plus rest frame UV continuum) image (Iye et al.
2006; Ota et al. 2008) is marked with the cross. No emission is
detected.
UV luminosities/SFRs, stellar mass and morphology at
UV wavelengths (Ota et al. 2008, 2010b; Cai et al. 2011;
Jiang et al. 2013). In the present paper, we investigate
the properties of IOK-1 in the [CII] line and FIR con-
tinuum. The paper is organized as follows. In §2, we
describe our ALMA observation of IOK-1. Then, in
§3, we analyze the properties of IOK-1 in FIR contin-
uum and [CII] line such as SED, effects of cosmic mi-
crowave background (CMB) on dust continuum, dust
mass, infrared (IR) luminosity and dust-obscured SFR
as well as the relation between SFR and [CII] luminos-
ity of high redshift LAEs and [CII] to FIR luminosity
ratio, and compare these properties with those of other
galaxy populations in the local to high redshift Universe,
and discuss its implication for galaxy formation and evo-
lution. We summarize and conclude our study in §4.
Throughout, we adapt a concordance cosmology with
(Ωm,ΩΛ, h) = (0.3, 0.7, 0.7).
2. OBSERVATION
We observed IOK-1 by targeting its [CII] line red-
shifted to z = 6.96 measured from Lyα emission (1.26
mm, 238.76 GHz in the observer’s frame or 157.74 µm,
1900.54 GHz at rest frame) and the underlying dust con-
tinuum emission. We used the ALMA band 6 with the
Extended Array consisting of 19–24 12-m diameter an-
tennas on 15 June, 15 and 27 July and 29 November
2012 during the Cycle 0 period. We set the two spectral
windows (SPWs) in the lower sideband to the contin-
uum at the lower frequency side of the [CII] line, and
the third and fourth SPWs in the upper sideband to the
redshifted [CII] line and the continuum at the higher fre-
quency side, respectively, in order to cover the continua
at the both sides of [CII] line. Specifically, we set widths
of all the four SPWs to 2 GHz (1.875 GHz after discard-
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Figure 2. The SED of IOK-1 in the observer’s frame (bottom axis: wavelength, top axis: frequency). Detections in near-infrared
wavelengths are shown by the black circles: Subaru Telescope/Suprime-Cam z′ and y bands (Ota et al. 2010b) and HST/WFC3 F110W,
F125W and F160W bands (Cai et al. 2011; Jiang et al. 2013). The 3σ upper limits on the flux densities in optical to millimeter wavelengths
are indicated by the black triangles: Subaru/Suprime-Cam B, V , R and i′ bands (Ota et al. 2008), Spitzer/IRAC 3.6, 4.5, 5.8 and 8.0
µm bands (Ota et al. 2010b) and Herschel/SPIRE 250, 350 and 500 µm bands (Eales et al. 2010; Pascale et al. 2011, Ivison, Eales &
Smith 2013 private communication). Our ALMA 3σ upper limit on 1.26 mm (rest frame 158 µm) continuum is shown by the red triangle.
For comparison, we also plot 3σ upper limits on 1.26 mm continuum from the previous IRAM/PdBI and CARMA observations of IOK-1
(lower and upper open triangles, respectively; Walter et al. 2012b; Gonza´lez-Lo´pez et al. 2014). Several different types of local galaxy SEDs
are shown by the color coded lines (See the labels in the figure. The galaxy morphological types were taken from Dale et al. 2007) for
comparison. They were redshifted to z = 6.96 and normalized to the near-infrared (rest frame UV) flux of IOK-1 redward of Lyα (F125W
band flux). The solid lines are the original SEDs with their submm–mm continua (cold dust emission) not including any effects of CMB,
while the dotted lines with the same color coding are the SEDs including the effects of CMB (see sections §3.1.1 and 3.1.2 for details).
(Left panel) Comparison with early, late, dwarf and irregular types of galaxies. The SEDs of Arp 220, M82, M51 and NGC 6946 were
taken from Silva et al. (1998), while those of Mrk 33, NGC 0925, IC 2574, Holmberg II and DDO 165 were from Dale et al. (2007). (Right
panel) Comparison with spiral/barred, dwarf spiral, dwarf and irregular types of galaxies, with SEDs taken from Dale et al. (2007). The
insets show close-ups of the plots around the near-infrared (rest frame UV) continuum including y, F110W, F125W and F160W band data
points.
ing edge channels) using the Time Domain Mode (TDM)
for dual polarization with central frequencies of 223.76,
225.76, 238.76 and 240.76 GHz. The channel spacing
of the TDM mode is 15.6 MHz, and this gives a spec-
tral resolution of 40 km s−1. We obtained 2.7 hours
of on-source integration. We carried out data reduc-
tion with the Common Astronomy Software Applications
(CASA). The flux density was scaled with the observa-
tion data of 3C279 (J1256-057) for one of the four exe-
cution blocks and Titan for the rest of three execution
blocks. The typical flux uncertainties in the millimeter
regime are ∼ 10%. J1310+323 was used for phase cali-
bration. 3C279 was also used for bandpass calibration.
Finally, we imaged the [CII] line and FIR continuum, us-
ing ‘natural’ weighting, and reaching the sensitivities of
σline = 215 µJy beam
−1 per TDM channel (40 km s−1)
and σcont = 18 µJy beam
−1 for 7.5 GHz bandwidth (4
SPWs × 1.875 GHz), respectively. The resolutions (syn-
thesized beam sizes) of [CII] line and FIR continuum
images presented here are 1.′′1× 0.′′75.
3. RESULT AND DISCUSSION
3.1. FIR Continuum Properties
Figure 1 shows the FIR continuum map around IOK-1
at 1.′′1 × 0.′′75 resolution. The galaxy is not significantly
detected. IOK-1 has a size of ∼ 1.′′6 × 1.′′0 in the Sub-
aru Telescope Lyα narrowband NB973 image (Iye et al.
2006; Ota et al. 2008), which is larger than the sizes in
any other images (rest frame UV continuum) where IOK-
1 is detected. Hence, we convolved the FIR continuum
map to the resolution of 1.′′5×1.′′2 (through tapering with
a 100 kλ taper) to see if we detect any extended source.
However, we did not detect IOK-1 in this map, either.
As the rms of this map is σcont = 21 µJy beam
−1, the
3σ upper limit on 1.26 mm FIR continuum of IOK-1 is
F obsν/(1+z) < 63 µJy. In this section, based on this flux
limit, we constrain the dust properties of IOK-1 such
as its possible SED shape, dust mass, total IR luminos-
ity and dust-obscured SFR by considering the effects of
cosmic microwave background (CMB) on the observed
continuum flux.
3.1.1. Effects of CMB on FIR Continuum Measurements
The study by da Cunha et al. (2013) describes how the
CMB affects measurements of FIR continuum emission
of high redshift galaxies. Hence, before we derive and
discuss constraints on the dust properties of IOK-1 from
the observed 1.26 mm continuum flux limit, we first de-
scribe the effects of CMB on FIR continuum and how
we actually apply them to our observed continuum flux
limit (see also Gonza´lez-Lo´pez et al. 2014, for details).
CMB affects measurements of FIR continuum in two
ways. One is that CMB heats the dust of galaxies to
higher temperature as redshift gets higher. According to
da Cunha et al. (2013), the dust temperature at a red-
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shift z is
Tdust(z) = ((T
z=0
dust)
4+β + (T z=0CMB)
4+β [(1 + z)4+β − 1])
1
4+β
(1)
Here, T z=0dust is the temperature of dust heated by and in
thermal equilibrium with the radiation field produced by
stars in a galaxy at z = 0, where the effects of CMB
radiation are negligible. Also, T z=0CMB = 2.73 K and β
are temperature of CMB at z = 0 and dust emissiv-
ity index of a thermal spectrum. This equation sug-
gests that effect of CMB heating on dust temperature
becomes non-negligible at high redshifts (e.g., see Figure
1 in da Cunha et al. 2013, for a case of T z=0dust = 18 K and
β = 2.0). The ratio (hereafter referred to as Mν) be-
tween the dust continuum flux densities at a rest frame
frequency ν and a redshift z when including dust heating
by CMB and not including it is
Mν =
F ∗ν/(1+z)
F intν/(1+z)
=
Bν(Tdust(z))
Bν(T z=0dust)
(2)
where F intν/(1+z), F
∗
ν/(1+z) and Bν are the intrinsic dust
continuum flux density of a galaxy, the dust continuum
flux density after including the effect of CMB heating of
dust and the Planck function. This Mν is a factor for
correcting the effect of CMB heating of dust (for exam-
ple, see Figure 3 top panel of da Cunha et al. 2013, for
the case of T z=0dust = 18 K and β = 2).
Meanwhile, another effect of CMB on dust continuum
measurements is that CMB itself becomes a background
against which FIR continuum flux should be measured.
da Cunha et al. (2013) have shown that the ratio (here-
after referred to as Cν) between the flux at a frequency
ν that can be measured against CMB at a redshift z and
the flux emitted by dust in a galaxy at that frequency
and redshift including heating of dust by CMB is
Cν = 1−
Bν(TCMB(z))
Bν(Tdust(z))
(3)
where TCMB(z) = T
z=0
CMB(1+ z) is a temperature of CMB
at a redshift z. This is a factor for correcting the effect of
CMB as background (for example, see Figure 3 bottom
panel of da Cunha et al. 2013, for the case of T z=0dust = 18
K and β = 2).
Finally, we can estimate the intrinsic FIR continuum
flux F intν/(1+z) emitted by a galaxy from the observed con-
tinuum flux F obsν/(1+z) by using the equation
F obsν/(1+z)=Cν ×Mν × F
int
ν/(1+z)
=
[
Bν(Tdust(z))−Bν(TCMB(z))
Bν(T z=0dust)
]
F intν/(1+z)(4)
and the equation (1) by assuming T z=0dust and β.
3.1.2. Spectral Energy Distribution
Since we have obtained 3σ upper limit on the observed
1.26 mm continuum flux of IOK-1, F obsν/(1+z) < 63 µJy,
we can infer what type of galaxy this object is from its
SED at rest frame UV to FIR (observer frame optical
to millimeter) including our ALMA flux limit. In Figure
2, we compare the SED of IOK-1 with template SEDs
Figure 3. The images of IOK-1 at optical (Subaru Telescope
Suprime-Cam BV Ri′z′y bands: Ota et al. 2008, 2010b; Jiang et al.
2013), near-infrared (HST WFC3 F110W, F125W and F160W
bands: Cai et al. 2011; Jiang et al. 2013), mid-infrared (Spitzer
IRAC 3.6, 4.5, 5.8 and 8.0 µm bands: Ota et al. 2010b) and FIR
(Herschel SPIRE 250, 350 and 500 µm bands: Eales et al. 2010;
Pascale et al. 2011, Ivison, Eales & Smith 2013 private commu-
nication). North is up and east to the left. The optical to mid-
infrared images are 20′′ × 20′′ and FIR images 60′′ × 60′′ in size.
Fluxes measured in these images were used to reproduce the SED
of IOK-1 in Figure 2.
of several different types of local galaxies. We repro-
duce the SED of IOK-1 using the fluxes measured in
the optical to FIR images taken with Subaru Telescope
Suprime-Cam BV Ri′z′y bands (Ota et al. 2008, 2010b;
Jiang et al. 2013), Hubble Space Telescope (HST) Wide
Field Camera 3 (WFC3) F110W, F125W and F160W
bands (Cai et al. 2011; Jiang et al. 2013), Spitzer Space
Telescope Infrared Array Camera (IRAC) 3.6, 4.5, 5.8
and 8.0 µm bands (Ota et al. 2010b), Herschel Space
Telescope Spectral and Photometric Imaging Receiver
(SPIRE) 250, 350 and 500 µm bands (the images of IOK-
1 are cut out from the completed Herschel-ATLAS North
Galactic Plane (NGP) project images; Eales et al. 2010;
Pascale et al. 2011, Ivison, Eales & Smith 2013 private
communication) and our ALMA 3σ upper limit on 1.26
mm dust continuum. These images are shown in Figure
3. IOK-1 is not detected in any of the SPIRE bands
where the beam-convolved map 1σ point source sensitiv-
ities (including both instrumental and confusion noises)
are 4.6, 5.3, and 6.0 mJy for 250, 350 and 500 µm bands,
respectively. Note that for comparison, in Figure 2, we
also plot 3σ upper limits on 1.26 mm continuum from the
previous IRAM/Plateau de Bure Interferometer (PdBI)
and Combined Array for Research in Millimeter-wave As-
tronomy (CARMA) observations of IOK-1 conducted by
Walter et al. (2012b) and Gonza´lez-Lo´pez et al. (2014),
which are shown by the lower and upper open triangles,
respectively. Our ALMA upper limit is about one order
of magnitude deeper than these previous limits.
We compare the UV–FIR fluxes/flux limits of IOK-
1 with the local galaxy templates of Arp 220, M82,
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Table 1
Summary of the ALMA Observation and Derived Properties of IOK-1
za νobs
b σcontc σline
d Sobscont
e Sobsline
f L[CII]
g Mdust
h LFIR
h LIR
h SFRdust
h SFRUV
i
(GHz) (µJy beam−1) (µJy beam−1) (µJy) (µJy) (107L⊙) (107M⊙) (1010L⊙) (1010L⊙) (M⊙yr−1) (M⊙yr−1)
6.96 238.76 21 240 < 63 < 720 < 3.4 < 6.4 < 3.7 < 5.7 < 10.0 23.9
Note. — All the upper limits are 3σ at a resolution of 1.′′5 × 1.′′2 (See §3.1 for details.)
a The redshift measured from the Lyα of IOK-1 (Iye et al. 2006; Ota et al. 2008). Ono et al. (2012) also reported z = 6.965.
b Observing frequency tuned to the redshift measured from the Lyα of IOK-1.
c Continuum sensitivity at 1.26 mm (rest frame 158 µm) at a resolution of 1.′′5× 1.′′2.
d [CII] line sensitivity over a channel width of 40 km s−1 at a resolution of 1.′′5× 1.′′2.
e 3σ continuum flux density limit.
f 3σ [CII] line flux density limit over a channel width of 40 km s−1.
g [CII] line luminosity limit over a channel width of 40 km s−1. We assumed Lline = 1.04× 10
−3Flineνrest(1 + z)
−1D2L, where the line luminosity,
Lline, is measured in L⊙, the velocity-integrated flux, Fline = Sline∆v, in Jy km s
−1 with a velocity width, ∆v = 40 km s−1, the rest frequency,
νrest = νobs(1 + z), in GHz, and the luminosity distance, DL, in Mpc (Walter et al. 2012b).
h Intrinsic dust mass, FIR luminosity (42.5–122.5 µm), total IR luminosity (8–1000 µm) and dust-obscured SFR all corrected for the effects of
CMB. These quantities including the effects of CMB are a factor of CνMν = 0.76 lower (see §3.1.1 and 3.1.3 for details).
i SFR derived from the UV continuum of IOK-1 by Jiang et al. (2013).
M51, NGC 6946 (the left panel in Figure 2) taken
from Silva et al. (1998) and other local spiral/barred,
dwarf and irregular galaxies (Mrk 33, NGC 0925, IC
2574, Holmberg II and DDO 165 in the left panel and
all the galaxies in the right panel in Figure 2) from
Dale et al. (2007). We shift these galaxy SEDs to the
redshift of IOK-1, z = 6.96, normalize them to the
rest frame UV continuum flux density redward of Lyα
(the HST/F125W band flux) and plot them by the color
coded solid lines in Figure 2. We also show their galaxy
morphological types in the figure. These are the SEDs
not including the effects of CMB on their FIR continua.
We also plot the SEDs of these template galaxies
with their FIR continua (a part of the SED that cor-
responds to the emission of the cold dust) including the
effects of CMB by the color coded dashed lines in Fig-
ure 2. We convert the original FIR continua of the
template galaxies, F intν/(1+z), to those including the ef-
fects of CMB, F obsν/(1+z), by using their dust tempera-
tures T z=0dust and emissivity indices β obtained from liter-
ature and equations (1)–(4) but following the prescrip-
tion given by Gonza´lez-Lo´pez et al. (2014) to calculate
the factor Mν as follows. First, from the literature that
conducted single-component modified black body (MBB)
fittings to the observed FIR continua of the galaxies,
we adopt T z=0dust = 66.7 K and β = 1.83 for Arp 220
(Rangwala et al. 2011), T z=0dust = 48.0 K and β = 1.0 for
M82 (Colbert et al. 1999), T z=0dust = 24.9 K and β = 2.0
for M51 (Mentuch Cooper et al. 2012), T z=0dust = 40.4 K
and β = 1.3 for Mrk 33 (Dunne et al. 2000), T z=0dust = 26.0
K and β = 1.5 for NGC 6946, T z=0dust = 23.7 K and β = 1.5
for NGC 0925, T z=0dust = 25.9 K and β = 1.5 for IC 2574,
T z=0dust = 36.5 K and β = 1.5 for Holmberg II, T
z=0
dust = 23.5
K and β = 1.5 for DDO 165 (Skibba et al. 2011). These
are the galaxies shown in the left panel of Figure 2. We
adopted T z=0dust ’s and β’s obtained by Skibba et al. (2011)
for all the galaxies shown in the right panel of Figure 2.
Then, to compute the factor Mν at each frequency ν for
each template galaxy, we scale the MBB with T z=0dust and
β to the peak of the FIR emission of the galaxy’s SED
and calculate the ratio Rν of emission associated with
the cold dust at each frequency ν.
Rν =
KνβBν(T
z=0
dust)
F intν
(5)
whereK is the scaling factor. With this Rν , the equation
(2) can be now expressed as
Mν = (1 −Rν) +Rν ×
Bν(Tdust(z))
Bν(T z=0dust)
(6)
Using the equations (1) and (3)–(6), we convert the orig-
inal FIR continuum emission of each template galaxy at
each frequency ν to the one including the effects of CMB
and show the results in Figure 2.
Comparison of the solid lines (intrinsic dust SEDs) and
the dashed lines (observed dust SEDs which include the
effects of CMB) in Figure 2 shows two notable differ-
ences. First, due to the extra heating of dust by CMB
at z = 6.96, the peaks of the SEDs shift toward shorter
wavelengths (or higher frequencies). Also, the Rayleigh-
Jeans tails of the dust emission observed against the
CMB (dashed lines) are steeper than those of the in-
trinsically emitted SEDs (solid lines). This is because at
a higher redshift CMB temperature is closer to the dust
temperature, making the intrinsic dust emission more
difficult to detect against CMB. The effects of CMB are
stronger for galaxies with lower dust temperatures T z=0dust .
Especially, as the CMB temperature is ∼ 21.84 K at
z ∼ 7, SEDs of the template galaxies with T z=0dust closer
to this (i.e., M51, NGC 6946, NGC 0925, IC 2574 and
DDO 165) are more remarkably affected by the CMB ef-
fects than those with T z=0dust much higher than 21.84 K.
As discussed in da Cunha et al. (2013), considering the
effects of the CMB is required for the correct interpreta-
tion of dust continuum observations as it would change
estimation of a dust continuum flux density and thus
subsequent derivations of dust masses, total (F)IR lumi-
nosities and dust-obscured SFRs of galaxies.
Figure 2 also shows that the SED of IOK-1 is nei-
ther similar to those of highly dust-obscured galaxies
such as Arp 220 and M82 (see also Walter et al. 2012b;
Gonza´lez-Lo´pez et al. 2014) nor less extreme dust-rich
nearby spirals such as M51 and NGC 6946. It is rather
more likely similar to SEDs of dwarfs/irregulars. More
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specifically, UV continuum slopes (see the insets in Fig-
ure 2) and FIR continuum SEDs of IC 2574 (morpho-
logical type SABm), Holmberg II (Im), DDO 053 (Im),
Holmberg I (IABm) and NGC 2915 (I0) are consistent
with the detection data points of IOK-1 at rest frame UV
and the ALMA FIR continuum upper limit (morpholog-
ical types were taken from Dale et al. 2007). As local
dwarf/irregular galaxies have been observed to have low
IR luminosities and dust masses, IOK-1 could be such
a system with low dust obscuration. Meanwhile, con-
ducting SED-fitting to rest frame UV to optical fluxes,
Ota et al. (2010b) estimated the upper limit on the stel-
lar mass of IOK-1 to be either M∗ . 2–9 × 10
8M⊙
for a young age (. 10 Myr) and low dust reddening
(AV ∼ 0) or a mass as high as M∗ . 1–4 × 10
10M⊙
for either an old age (> 100 Myr) or high dust red-
dening (AV ∼ 1.5). Given that LAEs at high red-
shifts (e.g., z ∼ 5.7–6.6) tend to be very young and
low dust systems (e.g., Ono et al. 2010), and consider-
ing the non-detection of IOK-1 in dust continuum with
ALMA, the former M∗ limit would be more likely. For
comparison, we have calculated the average stellar mass
of 17 local dwarf and irregular galaxies (Sd and later) in
Skibba et al. (2011) KINGFISH survey sample and ob-
tained M∗ ∼ 9.1× 10
8M⊙ (the stellar mass ranges from
2.2× 106M⊙ to 5.8× 10
9M⊙ within the sample). Hence,
the stellar mass of IOK-1 is comparable to those of local
dwarf/irregular galaxies. This also supports the idea that
IOK-1 would be a system similar to local dwarf/irregular
galaxies.
3.1.3. Dust Mass, IR Luminosity and Dust-obscured SFR
Given our 3σ ALMA upper limit on 1.26 mm contin-
uum flux density Fν/(1+z), we can estimate the upper
limit on the dust mass Mdust of IOK-1 from the follow-
ing relation.
Mdust=
Fν/(1+z)D
2
L
(1 + z)κd(νrest)Bν(Tdust)
=
F intν/(1+z)D
2
L
(1 + z)κd(νrest)Bν(T z=0dust)
=
F obsν/(1+z)D
2
L
(1 + z)κd(νrest)CνMνBν(T z=0dust)
=
F obsν/(1+z)D
2
L
(1 + z)κd(νrest)[Bν(Tdust(z))−Bν(TCMB(z))]
(7)
Here, DL is a luminosity distance, κd(νrest) is the rest
frame frequency dust mass absorption coefficient, and
Bν(Tdust) is the Planck function at a rest frame fre-
quency νrest and a dust tempatature Tdust. We adopt
κd(νrest) = 0.77(850µm/λrest)
β cm2 g−1 from Dunne et
al. (2000) with the rest frame wavelength of λrest = 158
µm. F intν/(1+z) is the intrinsic continuum flux that can be
obtained after correcting the observed continuum flux
F obsν/(1+z) = 63 µJy for the CMB effects by using the
equation (4). Because the SED of IOK-1 is similar to
those of local dwarf and irregular galaxies (see §3.1.2
and Figure 2), we model the dust continuum SED of
IOK-1 as an MBB with T z=0dust = 27.6 K and β = 1.5,
the average values of 17 local dwarf and irregular galax-
ies (Sd and later) derived by Skibba et al. (2011) from
their KINGFISH survey. Then, the equation (7) gives
Mdust < 6.4× 10
7M⊙. The upper limit on dust mass es-
timated here is also listed in Table 1. If we do not correct
the effects of CMB (i.e., if we use the observed contin-
uum flux limit F obsν/(1+z) = 63 µJy with Bν(T
z=0
dust) instead
of CνMνBν(T
z=0
dust) for the equation (7)), this leads to
MCMBdust < 4.9 × 10
7M⊙, a factor of 0.76 (= CνMν) un-
derestimation compared to the intrinsic dust mass limit.
Meanwhile, if T z=0dust of IOK-1 was actually lower (higher)
than what we assumed here (27.6 K), the upper limit on
Mdust would be higher (lower).
We also estimate the upper limit on intrinsic FIR lumi-
nosity LFIR of IOK-1 by again modeling its dust contin-
uum SED as an MBB with T z=0dust = 27.6 K and β = 1.5
(the average values of local dwarfs and irregulars derived
by Skibba et al. 2011, see above), scaling it to our CMB-
corrected 3σ ALMA upper limit on 1.26 mm continuum
(i.e., F obsν/(1+z)/CνMν = F
int
ν/(1+z)) and integrating it from
42.5 µm to 122.5 µm. We obtain LFIR < 3.7 × 10
10L⊙.
Moreover, integrating the same scaled MBB from 8 µm
to 1 mm, we estimate the intrinsic total IR luminosity to
be LIR < 5.7× 10
10L⊙. These intrinsic luminosities cor-
respond to only the contribution from the stars in IOK-
1 to dust heating and do not include the contribution
from CMB. Hence, especially, LIR is appropriate for es-
timating the dust-obscured SFR. If we use the Kennicutt
(1998) relation with the Salpeter (1955) initial mass func-
tion (IMF), SFRdust = 1.73 × 10
−10LIR [L⊙], the to-
tal IR luminosity converts to the dust-obscured SFR of
SFRdust < 10.0 M⊙yr
−1. Jiang et al. (2013) estimated
the SFR of IOK-1 to be SFRUV ∼ 23.9M⊙yr
−1 from the
HST/WFC3 band magnitudes which cover the rest frame
UV continuum of IOK-1 not including Lyα emission.
This is the SFR not obscured by dust. Hence, the upper
limit on the total (obscured plus un-obscured) SFR of
IOK-1 is SFRtotal = SFRUV+ SFRdust < 33.9 M⊙yr
−1.
This implies that fobscured = SFRdust/SFRtotal < 29%
of star formation is obscured by dust in IOK-1. On the
other hand, if we scale the MBB to just the observed con-
tinuum flux density limit F obsν/(1+z) (i.e., the flux not cor-
rected for the CMB effects) and integrate it, this would
result in underestimations of LFIR, LIR and SFRdust by
24% (a factor of CνMν = 0.76) compared to the intrinsic
ones we have obtained above, due to the extra heating
of dust by CMB and the reduction of observed dust con-
tinuum flux by the CMB as a background.
The dust mass and FIR/IR luminosity of IOK-1 are
∼ 1–2 orders of magnitude lower than those of a
host galaxy of the quasar ULAS J112001.48+064124.3
at a similar redshift z = 7.08 (Venemans et al. 2012)
and the most distant SMG known, HFLS 3, at
z = 6.34 (Riechers et al. 2013) as well as those of
the quasar host galaxies at z ∼ 1.8–6.4 studied so
far (Pety et al. 2004; Maiolino et al. 2005; Beelen et al.
2006; Iono et al. 2006; Maiolino et al. 2009; Wagg et al.
2010; Wang et al. 2013; Willott et al. 2013) and z ∼ 2–5
SMGs (Riechers et al. 2010; Dwek et al. 2011; Cox et al.
2011; De Breuck et al. 2011; Valtchanov et al. 2011;
Walter et al. 2012a). Furthermore, though the sensi-
tivities are about one order of magnitude lower than
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Figure 4. The rest frame 158 µm FIR continuum image of Himiko
we re-reduced at a resolution of 0.′′8× 0.′′5. Coordinates are in the
J2000.0 system and contours are in steps of 1σ = 19.7 µJy beam−1,
starting at ±1σ. Positive and negative contours are presented with
solid and dashed lines, respectively. The synthesized beam is shown
in the bottom left. The position of Himiko measured in the optical
narrowband NB921 (Lyα line plus rest frame UV continuum) image
(Ouchi et al. 2009a) is marked with the cross. There is a 3.4σ
possible weak continuum source at the position of Himiko with a
peak flux of 67.5 µJy.
that of ALMA, Walter et al. (2012b) also observed
IOK-1 in dust continuum, Kanekar et al. (2013) and
Gonza´lez-Lo´pez et al. (2014) carried out 1.2 mm con-
tinuum observations of three other z ∼ 6.6 LAEs, and
they all ended up with non-detections. Our and their
results together imply that high redshift LAEs at the
epoch of reionization are likely systems with very little
dust, quite different in dust content from extreme star-
bursts or highly dust-obscured galaxies such as quasar
hosts and SMGs at similar and lower redshifts.
Moreover, Ouchi et al. (2013) observed dust contin-
uum of a z = 6.595 LAE, Himiko, which has a simi-
lar SFRUV (∼ 30 M⊙yr
−1) to IOK-1, with ALMA to a
similar sensitivity to ours at 0.′′82 × 0.′′58 resolution but
found only a ∼ 2σ weak signal at the expected position
and considered it a non-detection. Thus, Himiko could
be similar to typical high redshift LAEs in dust content.
However, Himiko has at least twice larger size than IOK-
1 in Lyα (& 3′′ in extent) and is considered a Lyα blob
(LAB). Also, its UV continuum shows a few knots over
about 2′′ (Ouchi et al. 2013). Hence, to search for pos-
sible extended emission, we have re-calibrated, flagged,
and imaged the public Himiko ALMA Cycle 0 data. We
made the continuum map that is based on all data except
the SPW in which the [CII] line is expected, to avoid a
possible contamination from that line. As seen in Fig-
ure 4, at a nearly full resolution of 0.′′8 × 0.′′5, we found
that there is a 3.4σ possible weak continuum source at
the position of Himiko, as pointed out by Ouchi et al.
(2013). The source shows a possible extension East-
West, along the UV continuum direction, although low
signal to noise ratio does not allow us to confirm if the
source is extended. If we consider this 3.4σ signal the up-
per limit (as it is marginal) and model the dust SED of
Himiko as an MBB with T z=0dust = 27.6 K and β = 1.5 typ-
ical of dwarf/irregular galaxies, integrations of the MBB
scaled to 67.5 µJy/CνMν (CνMν ∼ 0.80 for Himiko)
give LFIR < 3.5× 10
10L⊙ and LIR < 5.4× 10
10L⊙. The
Kennicutt (1998) relation converts the LIR to SFRdust <
9.3 M⊙yr
−1 and SFRtotal < 39.3 M⊙yr
−1, implying
that fobscured < 24% of star formation is obscured by
dust. Also, the equation (7) gives dust mass of Himiko,
Mdust < 6.1× 10
7 M⊙.
Meanwhile, imaging at 2.′′01× 1.′′85 resolution (compa-
rable to the Lyα size of Himiko) resulted in a higher
noise, and a non-detection with an rms of 42 µJy
beam−1. Integrations of the same MBB scaled to the
3σ limit give the conservative upper limits, LFIR <
6.5 × 1010L⊙, LIR < 1.0 × 10
11L⊙, SFRdust < 17.4
M⊙yr
−1, SFRtotal < 47.4 M⊙yr
−1 and fobscured < 37%.
Also, the equation (7) gives the conservative dust mass
upper limit, Mdust < 1.1 × 10
8 M⊙. Hence, although it
is not clear that Himiko is extended in dust continuum,
it could be similar to other common LAEs at high red-
shifts such as IOK-1 in dust content or possibly slightly
dustier if the 3.4σ signal is a real detection. It should
be noted that comparison of these continuum flux lim-
its at 0.′′8 × 0.′′5 and 2.′′01 × 1.′′85 resolutions with dust
SEDs of different types of local galaxies in Figure 5 in
Ouchi et al. (2013) implies that Himiko could be a sys-
tem similar to local dwarf/irregular galaxies, not chang-
ing the same implication obtained by Ouchi et al. (2013)
by using their derived Himiko continuum limit. Thus,
our assumption of the MBB with T z=0dust and β typical
of local dwarf/irregular galaxies for Himiko to derive its
dust-related properties is reasonable.
3.2. [CII] Line Properties
Figures 5 and 6 show the [CII] channel maps and the
spectrum at a resolution of 1.′′1 × 0.′′75 around the ex-
pected redshift of IOK-1 based on Lyα emission. We see
a 3σ weak signal at the expected position of IOK-1 with
a peak at ∼ 238.805 GHz (the peak flux density is ∼ 670
µJy) and an FWHM of ∼ 0.05 GHz or ∼ 63 km s−1
(there are also similar 3σ features at 239.05 GHz and
238.02 GHz, and we will mention these below). If the
signal at ∼ 238.805 GHz was indeed the [CII] line, the
redshift based on its peak is z[CII] = 6.9585. It is slightly
lower than the redshift measured from Lyα emission
peak: zLyα = 6.96 (Iye et al. 2006, using Subaru Tele-
scope FOCAS spectrograph); zLyα = 6.965 (Ono et al.
2012, using Keck Telescope DEIMOS spectrograph with
a slightly better spectral resolution) by∼ 57–245 km s−1.
This is consistent with the idea that zLyα could be over-
estimated due to the absorption of blue side of Lyα emis-
sion by the intergalactic medium. Also, previous spectro-
scopic studies of LAEs and LBGs at z ∼ 2–3 have shown
that their Lyα emission peaks are usually shifted redward
of the redshifts accurately measured from other lines and
absorptions (e.g., Pettini et al. 2001; Shapley et al. 2003;
Steidel et al. 2010; McLinden et al. 2011; Shibuya et al.
2014). IOK-1 is not only an LAE detected in a nar-
rowband (Iye et al. 2006; Ota et al. 2008) but also an
LBG detected as a z′-band dropout (Ouchi et al. 2009b;
Ono et al. 2012). Thus, if the 3σ feature is indeed the
[CII] line, it is also consistent with the trend that red-
shifts of LAEs and LBGs measured from Lyα tend to
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Figure 5. The [CII] channel maps of IOK-1 at a resolution of 1.′′1 × 0.′′75 around the expected redshift. Contours are shown in steps of
1σ = 215 µJy beam−1 starting at ±1σ. The central frequency is shown in each panel. Positive and negative contours are presented with
solid and dashed lines, respectively. The synthesized beam is shown in the bottom left. The position of IOK-1 measured in the optical
narrowband NB973 (Lyα line plus rest frame UV continuum) image (Iye et al. 2006; Ota et al. 2008) is marked with the cross. A tentative
3σ signal is seen in the bottom left panel.
be higher than their systemic redshifts. However, the 3σ
significance of this signal is marginal and is not strong
enough to definitively conclude that the detected feature
is indeed the [CII] line. Hence, in this paper, we consider
it a non-detection and leave the firm conclusion about
detection/non-detection to our forthcoming (scheduled)
observations of IOK-1 with ALMA. Note that there are
also similar 3σ features at 239.05 GHz and 238.02 GHz.
However, as for the one at 239.05 GHz, this portion
of the spectrum is noisier than the one at frequencies
< 239.0 GHz due to atmospheric absorption. The fea-
ture at 238.02 GHz is unlikely to be [CII] line, because if
it was [CII], the redshift derived from it would be higher
than the redshift estimated from Lyα emission.
As we mentioned earlier, IOK-1 has a size of ∼ 1.′′6 ×
1.′′0 in Lyα, larger than the beamsize of the [CII] map
1.′′1 × 0.′′75. Hence, we also made the [CII] map con-
volved to a 1.′′5 × 1.′′2 resolution (through tapering with
a 100 kλ taper) comparable to the Lyα size to see if we
detect any extended source. However, we did not de-
tect IOK-1 in this map, either. As the rms of this map is
σcont = 240 µJy beam
−1, the 3σ upper limit on [CII] line
flux density of IOK-1 is 720 µJy beam−1 over a channel
width of 40 km s−1 (same as the highest spectral reso-
lution at our observing frequency of 238.76 GHz in the
TDM mode we used). This converts to a line luminos-
ity of L[CII] < 3.4× 10
7L⊙. We assumed a line width of
∆v = 40 km s−1. Gonza´lez-Lo´pez et al. (2014) simulated
the [CII] line of IOK-1 by using the same procedure as
the one of Vallini et al. (2013) who combined high resolu-
tion, radiative transfer cosmological simulations of z ∼ 6
galaxies with a sub-grid multi-phase model of their in-
terstellar medium and derived the expected intensity of
several FIR emission lines including [CII] for different
values of the gas metallicity. Conservatively assuming
solar metallicity, their simulation suggests that most of
the [CII] emission of IOK-1 comes from a cold neutral
medium and that FWHM of its main peak is ∼ 50 km
s−1. In this context, our assumption of ∆v = 40 km
s−1 for calculating the [CII] line luminosity upper limit
is reasonable. In this section, based on this limit, we
explore the properties of IOK-1 related to the [CII] line.
Note that the effects of CMB on [CII] line observations
of high redshift galaxies were discussed and found to be
negligible by Gonza´lez-Lo´pez et al. (2014). Hence, we
do not consider the effects of CMB on [CII] line in the
following.
3.2.1. [CII] Line and SFRs of High Redshift LAEs
The [CII] line has been considered a tracer of SFR as
it is produced by the UV field in star forming regions.
Figure 7 shows the [CII] luminosity as a function of SFR
for several different types of objects. Objects with higher
SFRs have higher [CII] luminosities, and different types
of objects reside in different locations in the SFR–L[CII]
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Figure 6. The spectrum at the position of IOK-1 at a spatial
resolution of 1.′′1 × 0.′′75 and a spectral resolution of 40 km s−1.
There is a 3σ weak signal at ∼ 238.8 GHz, and this corresponds to
z = 6.9587 if this was the [CII] line. It would be slightly lower
than the redshift measured from Lyα emission peak of IOK-1:
zLyα = 6.96 (Iye et al. 2006); zLyα = 6.965 (Ono et al. 2012).
This would be consistent with the idea that the zLyα could be
overestimated due to the absorption of blue side of Lyα emission
by the intergalactic medium. However, the 3σ signal is marginal
and not strong enough to definitively conclude that it is indeed the
[CII] line. Hence, we treat it as non-detection in this paper. There
is a similar feature at 239.05 GHz. However, this portion of the
spectrum has higher noise than the one at < 239.0 GHz due to
atmospheric absorption.
plane in such a way that local late-type and star-forming
galaxies are located at the low to intermediate SFR and
L[CII] regime, low redshift LIRGs at the intermediate to
high SFR and L[CII] region and quasar host galaxies and
SMGs at the very high SFR and L[CII] domain. For the
local late-type and star-forming galaxies, clear correla-
tions have been observed to hold between SFR and L[CII]
(Boselli et al. 2002; De Looze et al. 2011). In Figure 7,
we compare these calibrated relations for local galaxies
and locations of all types of objects in the SFR–L[CII]
plane with total SFRs and [CII] luminosities of IOK-1 as
well as other LAEs at z ∼ 4.7–6.6 previously observed to
see whether they are similar or different systems in gas
enrichment or in metallicity as [CII] luminosity would be
proportional to metallicity (e.g., Vallini et al. 2013).
In §3.1.3, we have estimated an upper limit on the total
SFR of IOK-1 to be SFRtotal < 33.8 M⊙yr
−1 by adding
the SFR estimated from its UV continuum (SFRUV) and
the upper limit on the dust-obscured SFR estimated from
1.26 mm continuum (SFRdust). If IOK-1 had no dust, the
lowest possible total SFR would be the one estimated
from its UV continuum, i.e., SFRtotal ≥ SFRUV = 23.9
M⊙yr
−1 (Jiang et al. 2013). In Figure 7, we also plot the
possible total SFR range of IOK-1 and the upper limit on
[CII] luminosity. We notice that IOK-1 neither seems to
follow the SFR–L[CII] correlations for local star-forming
galaxies (though the correlation has some scatters) nor
to be within the regions occupied by any other type of
objects except for high redshift LAEs (i.e., Himiko and
HCM 6A which we will mention below). Its [CII] lu-
minosity is significantly fainter than that expected for a
local star-forming galaxy having the same SFR as IOK-
1. By using the local star-forming galaxy correlation
derived by De Looze et al. (2011), the [CII] luminosity
limit of IOK-1 converts to SFR of ∼ 2.5 M⊙yr
−1 (or
log SFR ∼ 0.51), which is much lower than the possible
SFR range of IOK-1, 23.9–33.8M⊙yr
−1. Hence, the local
star-forming galaxy correlation does not seem to apply
to IOK-1. IOK-1 could be a system having either lower
enriched gas or different photodissociation region (PDR)
structure/physical state of ISM than local star-forming
galaxies.
A similar result has been reported for a z = 6.595
LAE, Himiko, by Ouchi et al. (2013) who did not detect
its [CII] line by using ALMA at 0.′′82 × 0.′′58 resolution
and 200 km s−1 channel−1. As Himiko is extended over
& 3′′ in Lyα, we generated the spectrum at 2.′′5 resolu-
tion and 30 MHz channel−1 (36 km s−1), using the public
Himiko ALMA Cycle 0 data, to see if we detect any ex-
tended source. As with the higher resolution analysis
of Ouchi et al. (2013), no line is detected. The 3σ flux
density upper limit at 2.′′5 resolution is 2.0 mJy beam−1
channel−1 at 36 km s−1 channel−1 or L[CII] < 7.9×10
7L⊙
(assuming a velocity width of ∆v = 36 km s−1), and
a factor 1.7 lower at 100 km s−1 channel−1. However,
we have found that the rms noise is about a factor two
higher than this between 249.7 GHz to 250.2 GHz due
to atmospheric absorption, so if the line happened to fall
in this frequency range, the limits are a factor of two
worse. In §3.1.3, we also derived the conservative up-
per limit on SFRtotal of Himiko at 2.
′′01×1.′′85 resolution
(comparable to the Lyα size of Himiko). In Figure 7, we
plot the L[CII] upper limit and the possible SFR range of
Himiko (SFRUV ∼ 30 M⊙yr
−1 ≤ SFRtotal < SFRUV +
SFRdust ∼ 47.4 M⊙yr
−1). Himiko is off the local galaxy
SFR–L[CII] correlation and close to IOK-1. For compar-
ison, in Figure 7, we also plot the L[CII] upper limit of
Himiko we derived with SFRtotal = 100 M⊙yr
−1 which
Ouchi et al. (2013) estimated from SED-fitting at rest
frame UV to optical wavelengths. In this case, Himiko is
also off the local galaxy SFR–L[CII] correlation but apart
from IOK-1 due to the difference in SFRtotal.
Both IOK-1 and Himiko have several things in common
except that Himiko displays more extended Lyα emis-
sion and is considered an LAB and that Himiko might
be detected in dust continuum. They both consist of
2–3 merging components (Cai et al. 2011; Ouchi et al.
2013), have similar total UV continuum luminosities (or
SFRUV) of the whole system and have not been detected
in [CII] line to the similar flux limits (if we assume that
the sizes of these LAEs in [CII] are similar). Hence, if
SFRUV + SFRdust more likely reflects the actual total
SFR of Himiko than the SFR estimated from the SED-
fitting, both IOK-1 and Himiko may be normally star-
forming galaxies at high redshifts with lower enriched
gas/metallicity content than local normal star-forming
galaxies.
On the other hand, Kanekar et al. (2013) observed a
gravitationally lensed z = 6.56 faint LAE, HCM 6A, in
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Figure 7. [CII] luminosity L[CII] as a function of SFR compiled for different types of objects (arrows indicate upper limits): local
late-type galaxies with their correlation (dotted line) between total SFR and L[CII] (Boselli et al. 2002), local star-forming galaxies with
their correlation (solid line with shaded region) between total SFR and L[CII] with 2σ scatter (De Looze et al. 2011), z < 0.1 LIRGs
(Maiolino et al. 2009), z = 4.1–7.1 quasar host galaxies (Pety et al. 2004; Maiolino et al. 2005; Iono et al. 2006; Maiolino et al. 2009;
Wagg et al. 2010; Venemans et al. 2012; Wang et al. 2013; Willott et al. 2013), z = 2.3–6.34 submm galaxies (Iono et al. 2006; Ivison et al.
2010; Cox et al. 2011; De Breuck et al. 2011; Valtchanov et al. 2011; Walter et al. 2012a; Riechers et al. 2013; Rawle et al. 2014) and a
z = 5.295 triple LBG system named LBG-1 associated with a z ∼ 5.3 protocluster (Capak et al. 2011; Riechers et al. 2014). SFRs of
LIRGs, quasar host galaxies and submm galaxies are those converted from their total FIR or IR luminosities (depending on availability in
the references) by either us or authors of the references using the Kennicutt (1998) relation. SFRs of quasar host galaxies are upper limits
as their total F(IR) luminosities might include AGN contribution. The dashed line is the SFR–L[CII] relation derived for LFIR > 10
12L⊙
sources by Maiolino et al. (2005). We also plot the possible range of total SFRs (see text in §3.2.1) and L[CII] (limits) of z ≃ 4.7–7 LAEs
with the color coded lines and arrows: IOK-1 (this study with a velocity width of ∆v = 40 km s−1), Himiko (the data taken by Ouchi et al.
2013, and re-reduced by us; We plot the L[CII] limit at 2.
′′5 resolution and ∆v = 36 km s−1, and SFRdust at 2.
′′01× 1.′′85 resolution; See
text in §3.2.1), HCM 6A (Kanekar et al. 2013, ∆v = 100 km s−1), SDF J132408.3+271543, SDF J132415.7+273058 (Gonza´lez-Lo´pez et al.
2014, ∆v = 50 km s−1) and Lyα-1 (Carilli et al. 2013). The open circle shows the Himiko L[CII] limit we derived with its total SFR
estimated by the SED-fitting Ouchi et al. (2013) conducted. All the SFRs plotted here are based on Salpeter IMF. If the SFRs in literature
are those based on Chabrier (2003) or Kroupa (2001) IMFs, we multiplied them by factors 1.6 and 1.5, respectively (e.g., Elbaz et al.
2007; Salim et al. 2007), to convert them to SFRs with Salpeter IMF.
[CII] emission with the IRAM/PdBI to a deep flux limit
but somewhat shallower than ours and Ouchi et al.’s tak-
ing advantage of the lensing magnification. They could
not detect [CII] line, either. Given SFRUV ∼ 9 M⊙yr
−1
(Hu et al. 2002a,b), SFRdust < 19.6 M⊙yr
−1 (we de-
rived this SFR in the same way as we did for IOK-1 and
Himiko for a fair comparison) and the L[CII] upper limit
(Kanekar et al. 2013, they adopted 100 km s−1 width),
we also plot HCM 6A in Figure 7. It is close to the local
SFR–L[CII] relation although it could be off the relation
as the [CII] luminosity is an upper limit. This is possi-
bly due to their slightly shallower [CII] flux limit. Since
this LAE is a factor of 2–3 lower than IOK-1 and Himiko
in SFRUV, its [CII] luminosity could also potentially be
lower than those of IOK-1 and Himiko.
In Figure 7, we also plot the z = 6.554 and
z = 6.541 LAEs, SDF J132408.3+271543 and
SDF J132415.7+273058 (Taniguchi et al. 2005), whose
[CII] lines and 1.2 mm continua were observed by
Gonza´lez-Lo´pez et al. (2014) with CARMA and unde-
tected. We plot the SFR ranges estimated from SFRUV’s
and the SFRdust upper limits (corrected for the CMB ef-
fects on their 1.2 mm continua) derived by Jiang et al.
(2013) and Gonza´lez-Lo´pez et al. (2014), respectively.
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They are within the local SFR-L[CII] relation and the low
redshift LIRG region, but the L[CII] upper limits (50 km
s−1 channel width) obtained by Gonza´lez-Lo´pez et al.
(2014) are an order of magnitude shallower than those
for IOK-1, Himiko and HCM 6A. Therefore, at this mo-
ment, we can neither tell whether these two LAEs follow
the local relation nor whether these results are consis-
tent with those of IOK-1, Himiko and HCM 6A. Deeper
observations are required to reveal this.
On the contrary, a z ∼ 4.7 LAE, Lyα-1, observed with
ALMA, is detected in [CII] line (Carilli et al. 2013) and
located in the local SFR–L[CII] relation as well as close to
the lower SFR and lower L[CII] side of the low-z LIRGs
region and the border between data points of the LIRGs
and the local star-forming galaxies, as seen in Figure 7.
We plot the SFR range estimated from the SFRUV and
the SFRdust upper limit derived by Ohyama et al. (2004)
and Carilli et al. (2013), respectively. Lyα-1 would be a
system different from z ∼ 6.6–7 LAEs and possibly sim-
ilar to low-z LIRGs. Actually, it is in the vicinity of a
system BR 1202-0725 comprising a quasar, an SMG and
another LAE, Lyα-2, all at z ∼ 4.7 (e.g., Hu et al. 1996;
Ohta et al. 2000; Iono et al. 2006; Wagg et al. 2012b;
Carniani et al. 2013; Carilli et al. 2013; Williams et al.
2014). Note that we do not plot Lyα-2 in Figure 7 be-
cause, though detected by ALMA, its L[CII] cannot be
measured accurately due to the partial truncation at the
edge of the ALMA band (Carilli et al. 2013; Decarli et al.
2014). Though upper limit, Lyα-1 has an FIR luminos-
ity LFIR < 3.6×10
11L⊙ (Carilli et al. 2013), comparable
to those of LIRGs (LFIR > 10
11L⊙). In addition, Lyα-2
has LFIR ∼ 1.7 × 10
12L⊙ (Carilli et al. 2013), even as
luminous as ULIRGs (LFIR > 10
12L⊙). Moreover, both
LAEs have Lyα emission broader (∼ 1300 km s−1) than
most LAEs at similar redshifts (Williams et al. 2014),
and Lyα-1 is also spatially extended in the Lyα narrow-
band image (Hu et al. 1996). Several studies have re-
ported that LAEs at z ∼ 2–4.5 detected in FIR continua
and having LFIR as luminous as ULIRGs also exhibit
extended Lyα emission, and some of them are even clas-
sified as LABs showing evidence of interaction within
the Lyα cloud. They also tend to be found in dense
environments such as protoclusters (Steidel et al. 2000;
Chapman et al. 2004; Colbert et al. 2006; Matsuda et al.
2011; Bridge et al. 2012; Yang et al. 2012, 2014). De-
tecting new faint sources, possibly additional LAEs also
associated with the quasar and the SMG, Carniani et al.
(2013) argue that the BR 1202-0725 system might be
a massive protocluster in which the high star formation
activity is probably triggered by minor mergers or in-
teractions. Hence, Lyα-1 is probably a system not like
usual LAEs such as IOK-1 but rather possibly a fainter
and less extended analog of LIRGs/LABs seen in dense
environments. Also, at z ∼ 4.7, the Universe is a factor
∼ 1.5–1.7 older than the one at z ∼ 6.6–7. Hence, the
difference between Lyα-1 and the z ∼ 6.6–7 LAEs may
partly originate from galaxy evolution over cosmic time
as well.
In Figure 7, we also plot a z = 5.295 triple LBG sys-
tem, LBG-1, detected in [CII] but undetected in dust
continuum with ALMA and associated with a z ∼ 5.3
protocluster including a z = 5.2988 SMG, AzTEC-3
(Capak et al. 2011; Riechers et al. 2014). LBG-1 has an
SFR comparable to those of z ∼ 4.7–7 LAEs in Figure 7,
but its L[CII] is about an order of magnitude higher than
the LAEs (except for SDF J132408.3+271543 and SDF
J132415.7+273058 due to their shallow L[CII] limits).
Moreover, LBG-1 is on the two local galaxy SFR–L[CII]
correlations and at the high SFR and high L[CII] edge
of the local star-forming galaxy data distribution. Ac-
cording to the analysis of Riechers et al. (2014), though
LBG-1 comprises three LBG components and is associ-
ated with a protocluster, it does not seem to be a galaxy
of extreme type but rather “typical”,∼ L∗UV star-forming
system with relatively low dust content. Furthermore,
Riechers et al. (2014) compared the SED of LBG-1 in-
cluding their ALMA dust continuum upper limit with
those of local galaxies (mostly the same local galaxy
templates we and Ouchi et al. (2013) used for the same
purpose for IOK-1 and Himiko) and found that LBG-1
is similar to local dwarf/irregular galaxies. Hence, all
the information taken together implies that both typical
LAEs and LBGs would share SEDs similar to those of
local dwarf/irregular galaxies, but LBGs would be more
enriched in gas (or higher metallicity) or have different
PDR structure/ISM physical state than LAEs. However,
to securely confirm this, more observations and sample
statistics of typical high redshift LBGs and LAEs are re-
quired. Also, note that LBG-1 is not detected in dust
continuum, but the ALMA observaton of this object by
Riechers et al. (2014) is a factor 3–7 shallower than those
of IOK-1, Himiko and HCM 6A. Thus, observations of
LBGs and LAEs to comparable depth is necessary to
fairly compare these two galaxy populations in the con-
text of dust content.
3.2.2. [CII] to FIR Luminosity Ratio
Figure 8 shows the luminosity ratio L[CII]/LFIR as a
function of FIR luminosity LFIR plotted for different
types of objects: z < 0.1 LIRGs (Maiolino et al. 2009),
local normal galaxies (Malhotra et al. 2001)1, z = 1–2
galaxies including starburst-dominated, AGN-dominated
and mixed systems (Stacey et al. 2010), z = 4.1–7.1
quasar host galaxies (Pety et al. 2004; Maiolino et al.
2005; Iono et al. 2006; Maiolino et al. 2009; Wagg et al.
2010; Venemans et al. 2012; Wang et al. 2013;
Willott et al. 2013), z = 3–6.34 submm galaxies
(Iono et al. 2006; Cox et al. 2011; De Breuck et al.
2011; Valtchanov et al. 2011; Walter et al. 2012a;
Riechers et al. 2013; Rawle et al. 2014) and a well
known dwarf irregular galaxy, Large Magellanic Cloud
(LMC) (Rubin et al. 2009) as well as z ∼ 4.7–7 LAEs,
IOK-1 (this study), Himiko (Ouchi et al. 2013), HCM
6A (Kanekar et al. 2013), SDF J132408.3+271543,
SDF J132415.7+273058 (Gonza´lez-Lo´pez et al. 2014),
Lyα-1 in the quasar + SMG system BRI 1202-0725
(Carilli et al. 2013) and a z = 5.295 triple LBG sys-
tem LBG-1 associated with a z ∼ 5.3 protocluster
(Capak et al. 2011; Riechers et al. 2014). The [CII] line
is the 2P3/2 →
2P1/2 fine-structure line that could be
emitted by the gas exposed to far-UV radiation in the
PDRs, X-ray dominated regions (XDRs) related to an
1 We converted their FIR fluxes given in a unit of W m−2 in their
paper to those in L⊙ by using the luminosity distances of these
galaxies in the cosmology we adopted taken from the NASA/IPAC
Extragalactic Database: http://ned.ipac.caltech.edu/
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Figure 8. Ratio L[CII]/LFIR as a function of FIR luminosity LFIR plotted for different types of objects (See text in §3.2.2 for the
references from which each data was taken). The horizontal dotted line indicates the average L[CII]/LFIR ratio of the local normal galaxies
we calculated from the data. The color coded filled and open circles with arrows indicate z ∼ 6.6–7 LAE data with LFIR corrected and
uncorrected for the CMB effects, respectively (See text in §3.2.2 for details). As for Himiko, the magenta filled and open circles are the
data based on the CMB-corrected and CMB-uncorrected upper limits on LFIR, respectively, at 2.
′′01× 1.′′85 resolution comparable to the
size of Himiko in Lyα, where we assume that Himiko is not detected in dust continuum at any resolution. The black filled and open circles
are the Himiko data based on the CMB-corrected and CMB-uncorrected LFIR’s, respectively, at 0.
′′8 × 0.′′5 resolution, where we assume
that Himiko is detected in dust continuum at 3.4 σ significance at this resolution (see the text in §3.1.3 for details). We also plot the data
of a z ≃ 4.7 LAE, Lyα-1, in the quasar + SMG system BRI 1202-0725 (Carilli et al. 2013). The arrows of each LAE data (except for the
Lyα-1 data and the Himiko data shown by the black filled and open circles) indicate the upper limits on the luminosity ratio L[CII]/LFIR
at a given LFIR lower than the upper limit on the LFIR of that LAE.
AGN activity and/or HII regions (e.g., Kaufman et al.
1999; Meijerink & Spaans 2005; Stacey et al. 2010).
Hence, the fraction of [CII] line luminosity compared
to the total FIR luminosity varies with type of object,
reflecting its structure of PDR, XDR and/or HII
region and physical state of ISM. For example, normal
star-forming galaxies in the local Universe tend to
show very strong [CII] emission, typically nearly up
to an order of magnitude stronger luminosity ratio
(logL[CII]/LFIR ∼ −2.5 on average) than AGN powered
systems such as quasar host galaxies, (U)LIRGs and
SMGs. Hence, L[CII]/LFIR versus LFIR diagram can
distinguish between different types of objects.
In Figure 8, we compare the z ∼ 4.7–7 LAEs with
other objects. The color coded filled and open circles
with arrows indicate their data with LFIR corrected and
uncorrected for the CMB effects, respectively. For IOK-
1, Himiko and HCM 6A, we calculated their LFIR lim-
its with and without the CMB effects corrected by in-
tegrating from 42.5 µm to 122.5 µm the MBBs with
T z=0dust = 27.6 K and β = 1.5 (average of dwarf/irregular
galaxies; Skibba et al. 2011) scaled to the upper limits on
the FIR continuum flux density, which we corrected and
did not correct for the CMB effects. For Himiko, we plot
the data based on LFIR upper limits at 2.
′′01×1.′′85 res-
olution (comparable to the size of Himiko in Lyα) where
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we assume that Himiko is not detected in dust continuum
at any resolution as well as the data based on the LFIR’s
at 0.′′8×0.′′5 resolution where we assume that Himiko is
detected in dust continuum at 3.4 σ significance at this
resolution (see the text in §3.1.3 for details). For HCM
6A, we used its FIR continuum flux density limit taken
from Kanekar et al. (2013). For SDF J132408.3+271543
and SDF J132415.7+273058, we calculated their LFIR
limits with and without the CMB effects corrected by
integrating from 42.5 µm to 122.5 µm the template SED
of NGC 6946 (Silva et al. 1998) scaled to their upper
limits on the FIR continuum flux density provided in
Gonza´lez-Lo´pez et al. (2014), as they have done so. For
each of z ≃ 6.6–7 LAEs, we used its L[CII] limit over a
channel width we and each author adopted: 40, 36, 100,
50 and 50 km s−1 for IOK-1, Himiko, HCM 6A, SDF
J132408.3+271543 and SDF J132415.7+273058, respec-
tively (Kanekar et al. 2013; Gonza´lez-Lo´pez et al. 2014).
We also plot the data of Lyα-1 derived by Carilli et al.
(2013) with the asterisks. The arrows of each LAE
data indicate the upper limits on the luminosity ratio
L[CII]/LFIR at a given LFIR lower than the upper limit
on the LFIR of that LAE. Comparing the filled and open
circles in Figure 8, we notice that omitting to correct for
the CMB effects results in underestimation of LFIR and
thus overestimation of the ratio L[CII]/LFIR as discussed
in §3.1.3.
As seen in Figure 8, IOK-1, Himiko and HCM 6A
are in the region occupied by local normal star-forming
galaxies. However, these LAEs are apart from the av-
erage point of local normal star-forming galaxies, where
logLFIR ∼ 10.6 and logL[CII]/LFIR ∼ −2.5, and IOK-1
and HCM 6A are even at the lower L[CII]/LFIR edge of
the local normal star-forming galaxy region. Meanwhile,
SDF J132408.3+271543 and SDF J132415.7+273058 are
in the low redshift LIRG region, probably because their
upper limits on L[CII] and LFIR are an order of mag-
nitude shallower than those of other LAEs. Unless we
observe them to much deeper limits, we cannot tell if
they are also located in the similar positions as the other
z ∼ 6.6–7 LAEs in Figure 8.
We also notice that the possible location of IOK-1 and
HCM 6A in Figure 8 includes the data point of LMC,
the most nearby dwarf irregular galaxy. This might be
consistent with a picture that high redshift LAEs could
be similar to local dwarf/irregular galaxies, as inferred
from the comparison of the SED of IOK-1 with those of
local dwarfs/irregulars in Figure 2. However, this dose
not necessary mean that the similarity in dust contin-
uum SEDs guarantees the similarity in L[CII]/LFIR ra-
tios, as we have not detected [CII] lines and dust con-
tinua of IOK-1 and HCM 6A and uncertainties in their
L[CII]/LFIR are large. In fact, while the possible location
of Himiko in Figure 8 in the case that we assume a non-
detection in dust continuum as an extended source (the
magenta filled circle) includes the data point of LMC,
the L[CII]/LFIR upper limit of Himiko in the case that
we assume a detection in dust continuum (the black
filled circle) is not consistent with LMC, although both
cases (i.e., the LFIR upper limit and “detected” LFIR
value) are consistent with the dust continuum SEDs of
the dwarf/irregular galaxies in Figure 5 of Ouchi et al.
(2013). Thus, it seems that the similarity in dust contin-
uum SED does not necessarily mean similar L[CII]/LFIR
ratios. Also, we neither have the dust continuum SED
data of LMC that can be compared with those of IOK-1
and Himiko nor L[CII]/LFIR ratio data of dwarf/irregular
galaxies whose dust continuum SEDs were compared
with those of IOK-1 and Himiko in Figure 2 in this pa-
per and Figure 5 in Ouchi et al. (2013). Thus, at this
moment we cannot tell if high redshift LAEs are simi-
lar to local dwarf/galaxies in dust continuum SED and
L[CII]/LFIR ratio simultaneously. To reveal this, we need
statistically large number of dwarf/irregular galaxy data
whose dust continuum SEDs and L[CII]/LFIR ratios are
available at the same time.
On the other hand, Lyα-1 is in the low redshift LIRG
region or at the border between the regions of local nor-
mal star-forming galaxies and low redshift LIRGs in Fig-
ure 8. This could be because it is associated with the spe-
cial dense environment consisting of a quasar, an SMG
and other LAE and likely a system different from com-
mon LAEs but more similar to LIRGs as discussed in
§3.2.1.
As for LBG-1 in Figure 8, it has a lower LFIR and/or
a higher L[CII]/LFIR ratio than quasar host galaxies,
submm galaxies and z = 1–2 galaxies and is clearly sepa-
rate from them. LBG-1 is rather close to the locations of
low redshift LIRGs and the high LFIR edge of local nor-
mal galaxies but far apart from the z ∼ 4.7–7 LAEs. It
should be noted that as we mentioned earlier, the ALMA
observaton of LBG-1 by Riechers et al. (2014) is a factor
3–7 shallower than those of IOK-1, Himiko and HCM
6A. Thus, we cannot tell how different the z ∼ 4.7–7
LAEs and LBG-1 are in LFIR and L[CII]/LFIR ratio from
the current data alone. However, Figure 8 implies that
z ∼ 4.7–7 LAEs and LBG-1 cannot have similar LFIR’s
and similar L[CII]/LFIR ratios at the same time, because
the [CII] line is detected from LBG-1 at the L[CII] about
an order of magnitude higher than the L[CII] or L[CII]
limits of z ∼ 4.7–7 LAEs (see Figure 7). In any case, ob-
servations of more LBGs and LAEs to comparable depth
is necessary to fairly compare LAEs and LBGs in the
context of LFIR and L[CII]/LFIR ratio.
After all, the locations of the z ∼ 4.7–7 LAEs in the
L[CII]/LFIR–LFIR diagram in Figure 8 are consistent with
what is expected from the locations of these LAEs in the
SFR–L[CII] diagram in Figure 7. These two diagrams to-
gether suggest that the z ∼ 6.6–7 LAEs, IOK-1, Himiko
and HCM 6A are similar to but more likely lower than
local normal star-forming galaxies in L[CII], LFIR and
L[CII]/LFIR ratio. This implies that these LAEs have
either lower enriched gas (or metallicity) and dust con-
tents or different PDR structures/physical states of ISM
than local star-forming galaxies. Also, the two diagrams
imply that the z ∼ 4.7 LAE, Lyα-1, could be a system
similar to low redshift LIRGs.
4. SUMMARY AND CONCLUSION
We have conducted ALMA 158 µm [CII] line and FIR
continuum observation of a z = 6.96 LAE, IOK-1, a
normally star-forming galaxy in the epoch of cosmic
reionization, reaching line and continuum sensitivities of
σline = 240 µJy beam
−1 (over a channel width of 40
km s−1) and σcont = 21 µJy beam
−1 at a resolution of
1.′′5× 1.′′2, comaprable of the size IOK-1 in Lyα.
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We did not detect the FIR continuum. We constructed
the UV–FIR SED of IOK-1 from its Subaru/Suprime-
Cam, HST/WFC3, Spitzer/IRAC, Herschel/SPIRE and
our ALMA data (3σ upper limit of Sobscont = 63 µJy) and
compared it with template SEDs of several types of lo-
cal galaxies whose FIR continua were both corrected and
uncorrected for the CMB effects. We found that IOK-
1 is similar to local dwarf and irregular galaxies rather
than highly obscured/dusty systems. Also, modeling the
dust continuum SED of IOK-1 as the MBB with the dust
temperature and the emissivity index typical of dwarf
galaxies and scaling it to the CMB-corrected ALMA FIR
continuum flux upper limit, we estimated the upper lim-
its on the dust mass, total FIR luminosity (λ = 42.5 –
122.5 µm), total IR luminosity (λ = 8 µm – 1 mm) and
dust-obscured SFR of IOK-1 to beMdust < 6.4×10
7M⊙,
LFIR < 3.7×10
10L⊙, LIR < 5.7×10
10L⊙ and SFRdust <
10.0M⊙ yr
−1, respectively. Since total SFR of IOK-1 is
SFRtotal = SFRUV + SFRdust < 33.9 M⊙ yr
−1, we esti-
mate that < 29% of star formation in IOK-1 is obscured
by dust. Moreover, we found that if we do not correct for
the effects of CMB on FIR continuum flux measurement,
we underestimate the physical quantities related to dust,
Mdust, LFIR, LIR and SFRdust, by 24%.
On the other hand, we found a 3σ weak signal in the
[CII] image and spectrum at the position of IOK-1 and at
238.805 GHz, corresponding to the redshift slightly lower
than the one previously estimated from Lyα emission.
This is consistent with the idea that redshift estimated
from Lyα was overestimated due to the absorption by
IGM. Since the signal is marginal for securely concluding
that it is indeed the [CII] line, we have treated it as non-
detection and investigated the properties of IOK-1 re-
lated to [CII] line using the 3σ upper limit of Sobsline = 720
µJy (over a channel width of 40 km s−1). This corre-
sponds to the [CII] luminosity of L[CII] < 3.4 × 10
7L⊙.
In the SFR–L[CII] and the L[CII]/LFIR–LFIR planes, we
compared the locations of IOK-1 as well as other z ∼ 4.7–
6.6 LAEs previously observed in the [CII] line and FIR
continuum with those of other objects including local to
low redshift normal star-forming galaxies, low redshift
LIRGs, low to high redshift quasar host galaxies and
SMGs and a high redshift LBG. We found that z ∼ 6.6–
7 LAEs at reionization epoch are systems different from
LIRGs, quasar hosts, SMGs and the LBG but similar to
or even lower than local star-forming galaxies in L[CII],
LFIR and L[CII]/LFIR ratio. This implies that these LAEs
have either lower enriched gas (or metallicity) and dust
or different PDR structures/physical states of ISM than
those of local normal star-forming galaxies.
The present study is based on only one z ≃ 7 LAE (as
well as a few other z ∼ 4.7–6.6 LAEs previously observed
in [CII] and FIR continua) and results obtained from the
analysis of them might not be representative of the [CII]
line and FIR continuum properties of the general popu-
lation of LAEs at the epoch of reionization. Fortunately,
the number of antennas has been increasing for ALMA
as its construction proceeds towards full capability, sub-
stantially improving the sensitivity and resolution. This
will soon allow us to investigate [CII] lines and FIR con-
tinua of the statistically larger number of high redshift
star-forming galaxies at a broader redshift range lower
and higher than z ∼ 6 (epoch of the end of reionization)
in reasonable integration times. Such observations will
give us more general insight into the obscured star forma-
tion, physical properties, ISM state and even dynamics
of high redshift star-forming galaxies and will shed light
on their relationship with reionization and other galaxy
populations.
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